Abstract Although chebulic acid isolated from Terminalia chebular has diverse biological effects, its effects on the expression of nuclear factor erythroid 2-related factor 2 (Nrf2) and the expression of downstream genes have not been elucidated. The purpose of this research is to investigate the hepatoprotective mechanism of chebulic acid against oxidative stress produced by tert-butyl hydroperoxide (t-BHP) in liver cells. The treatment with chebulic acid attenuated cell death in t-BHP-induced HepG2 liver cells and increased intracellular glutathione content, upregulated the activity of heme oxygenase-1, and also increased the translocation of Nrf2 into the nucleus and Nrf2 target gene expression in a dose-dependent manner. The exposure of chebulic acid activated the phosphorylation of mitogen-activated protein kinases. The overall result is that chebulic acid has cytoprotective effect on t-BHP-induced hepatotoxicity in HepG2 cells through Nrf2-mediated antioxidant enzymes.
Introduction
Reactive oxygen species (ROS) produced by normal cellular metabolism have beneficial effects such as cytotoxicity against pathogens (Muriel, 2009 ). However, excessive ROS production can cause oxidative stress (Kovacic and Jacintho, 2001 ) and damage to cell structures (Valko et al., 2007) . Therefore, the balance between generation and elimination of ROS is important aspect to living organism and achieved by redox homeostasis (Droge, 2002) .
Nuclear factor erythroid 2-related factor 2 (Nrf2)-antioxidant response element (ARE) signaling pathway is a major mechanism in the cellular defense against oxidative stress and controls the gene expression of phase II detoxification/antioxidant enzymes such as c-glutamine cysteine ligase (c-GCL), glutathione-S-transferase (GST), heme oxygenase-1 (HO-1), glutathione S-transferase A1/2, and NAD(P)H:quinine oxidoreductase 1 (McMahon et al., 2001) . The presence of a stimulus including oxidants and phenolic antioxidants leads to dissociate Nrf2 from Nrf2-Keap1 complex and translocate Nrf2 into the nucleus where it binds to the ARE to regulate its related gene expression (Nguyen et al., 2004) . In addition, phosphorylation of specific serine or threonine residues present in Nrf2 by upstream kinases such as extracellular signalregulated kinase (ERK1/2) (Zipper and Mulcahy, 2003) , protein kinase C delta (Huang et al., 2000) , phosphoinositide 3-kinase (PI3K)/Akt , and 5 has been considered to facilitate the nuclear localization of Nrf2 (Surh et al., 2008) .
Terminalia chebula Retzius is a native plant in India and Southeast Asia and its dried ripe fruit traditionally used as a medicinal plant for a long time in those regions (Perry and Metzger, 1980) . In China, the fruit is used as a carminative, deobstruent, astringent, and expectorant agent and also as a remedy for salivating and heartburn (Cheng et al., 2003) . T. chebula Retz. has been reported for its biological activities including anticancer (Saleem et al., 2002) , antidiabetic (Sabu and Kuttan, 2002) , antimutagenic (Kaur et al., 1998) , antibacterial (Malekzadeh et al., 2001) , antifungal (Vonshak et al., 2003) , and antiviral (Ahn et al., 2002) activities. Although there are many such effects, the effect of chebulic acid on Nrf2-activated molecular mechanisms involved in oxidative stress is not known. The purpose of this study is to investigate whether hepatoprotective effect of chebulic acid against oxidative stress produced by t-BHP is modulated by activation of Nrf2 and induction of its target genes in HepG2 cell which was derived from human liver.
Materials and methods

Materials and chemicals
Minimum Essential Medium Eagle (MEM), fetal bovine serum (FBS), penicillin streptomycin, trypsin-EDTA was purchased from Hyclone (Logan, UT) and 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), tert-Butyl hydroperoxide, 2 0 ,7 0 -dichlorofluorescin diacetate (DCFH-DA), reduced glutathione (GSH), oxidized GSH (GSSG), N-ethylmaleimide (NEM), triethanolamine, ethylenediaminetetraacetic acid (EDTA), glucose-6-phosphate dehydrogenase (G-6-PD), 2-vinylpyridine, glucose-6-phosphate (G-6-P), hemin and b-nicothinamide adenine dinucleotide phosphate reduced form (NADPH) were purchased from Sigma Aldrich (St. Louis, MO, USA). Polyvinylidene Fluoride (PVDF) membrane was obtained from Millipore (Billerica, MA, USA). Nrf2 (sc-722), ERK (sc-93), JNK (sc-571) and PCNA (sc-56) antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). p-ERK 1/2 (9101), p-JNK (9251), p38 (9212) and p-p38 (9211) antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). GAPDH (2271144) antibody was purchased from Millipore Corp. (Billerica, MA, USA).
Isolation and preparation of chebulic acid
Chebulic acid was isolated from dried ripe fruits of T. chebula Retz. as previously published method (Lee et al., 2007) . T. chebula Retz. purchased from Kyungdong HerbMarket in Seoul, Korea, in January 2014, and identified by Prof. Kwon-Woo Park (College of Life Sciences and Biotechnology, Korea University, Seoul, Korea). In the herbarium of the College of Life Sciences and Biotechnology of Korea University, a voucher specimen has been registered as KUST-2014-01-01 .
Cell culture and viability assay
HepG2 cells, which was derived from Human liver, were purchased from ATCC (Manassas, VA, USA) and incubated in MEM medium containing 2.2 g/L sodium bicarbonate, 100 units/mL of streptomycin and penicillin and 10% FBS (v/v). Cells were cultivated at 37°C in an atmosphere containing 5% CO 2 . HepG2 cells (1.5 9 10 5 cells/well) were cultured for 24 h in 24-well plates. Cells were pretreated for 24 h with various concentration of chebulic acid (0.4, 2, 10 lM). After then treated with 700 lM t-BHP for 2 h. Medium was altered to 5 mg/mL MTT reagent and the plate was cultured at 37°C for 3 h. The medium was eliminated and DMSO was added to lyse the intracellular formazan crystals. Cell viability was measured by using multiplate spectrometer at 540 nm.
Measurement of reactive oxygen species
The intracellular ROS generation was measured using DCFH-DA assay. 2.0 9 10 4 cells/well of HepG2 cells were cultured for 24 h in 96-well plates and were pretreated with various concentration of chebulic acid (0.4, 2, and 10 lM) for 24 h. Then, the cells were cultured for 30 min with 100 mM DCFH-DA. The cells were rinsed with pH 7.4 phosphate buffer saline (PBS) and treated with 700 lM t-BHP. After 2 h incubation, Fluorescence of DCF converted by ROS was recorded using a VICTOR3 TM (PerkinElmer Inc., Waltham, MA, U.S.A) spectrofluorometer at an excitation wavelength of 485 nm and an emission wavelength of 535 nm.
Reduced and oxidized glutathione contents analysis
GSH contents were measured using a modified method as previously reported (Moron et al., 1979) . GSSG was determined enzymatically based on the recycling reaction of GSH and DTNB in the presence of glutathione reductase.
Determination of HO-1 activity HO-1 enzyme activity was measured by bilirubin generation. Briefly, 200 lL HepG2 microsome fraction was added to the reaction mixture (0.2-unit G-6-PD, 20 mM hemin, 2 mM G-6-P, 0.8 mM NADPH, 2 mg/mL microsome fraction from HepG2 cells) and incubated at 37°C. After 1 h, the mixture was allowed to stand on ice for 5 min and then measured using a spectrophotometer (PowerWaveXS, BioTek, Winooski, VT, U.S.A.) at two wavelengths, 464 nm and 530 nm.
Preparation of nuclear fraction
The nuclear extract was prepared as previously described in detail (Yang et al., 2017) . The supernatant containing nuclear protein extract was gathered and stored at -70°C.
Western blot analysis
Samples of the same amount of protein were separated on a 10% SDS gel electrophoresis (SDS-PAGE) and electrotransferred to PVDF membranes. Immunoblotting was performed using antibodies against Nrf2, phosphorylated mitogen-activated protein kinases (MAPK) and nonphosphorylated MAPK. The blot was developed with the enhanced chemiluminescence reagent (Abclon, Seoul, Korea). Bands were quantified by Image J software (National Institutes of Health, USA).
RT-PCR and qRT-PCR
Total RNA was extracted from HepG2 cells using RNAiso Plus system (Takara, Kusatsu, Shiga, Japan). Total RNA (1 lg) were reverse transcribed to cDNA using the Super ScriptIII First Strand Synthesis System (Legene Biosciences, San Diego, CA, USA). The synthesized cDNA amplified by PCR using the following primers; GCLM, forward: ATCAAACTCTTCATCATCAAC, reverse: GATTAACTCCATCTTCAATAGG; GCLC, forward: AGTTGAGGCCAACATGCGAA, reverse: TGAAGC-GAGGGTGCTTGTTT; HO-1, forward: 5 0 -GGAACTTT-CAGAAGGGCCAG -3 0 , reverse: GTCCTTGGT GTCATGGGTCA; GAPDH, forward: AGGTCGGAGT-CAACGGATTTG, reverse: ACAGTCTTCTGGGTGG-CAGTG. RT-PCR was conducted as previously described in detail (Yang et al., 2015) . qRT-PCR was performed by the real-time SYBR Green method on a BioRad iQ-5 thermal cycler according to the manufacturer's protocol (Bio-Rad, Hercules, CA, USA). The relative expression level of mRNA was calculated using GAPDH as housekeeping gene using the comparative 2 -DDCT method.
Statistical analysis
All experimental data were expressed as the mean ± standard deviation (S.D.) values of at least 3 independent experiments. Duncan's multi-range test and one-way analysis of variance (ANOVA) were used to compare groups. SAS version 9.3 (SAS institute, NC, USA) was used for statistical analysis.
Results and discussion
Protective effects of chebulic acid on t-BHP-induced oxidative stress and inhibition of ROS production in HepG2 cells
MTT assay was carried out in HepG2 cells to determine the cytoprotective effect of chebulic acid. HepG2 cells pretreated with chebulic acid (0.4, 2, and 10 lM) and treated with t-BHP (Fig. 1A) . Treatment of t-BHP increased HepG2 cells death by 48.8% compared to untreated group, while pretreatment of chebulic acid for 24 h exhibited a significant protective effect in HepG2 cells from oxidative stress induced by t-BHP (Fig. 1A) . Also, t-BHP increased the intracellular ROS level by 2.3 folds compared to control group. However, the pretreatment of chebulic acid effectively restrained this induction in a dose-dependent manner (Fig. 1B) .
Effects of chebulic acid on glutathione level in HepG2 cells
GSH is one of the main defense systems against oxidative stress present in the cell and directly scavenges ROS. The status of GSH in terms of GSH level and ratio of GSH/ GSSG is considered as a sensitive index of oxidative stress (Bains and Shaw, 1997) . As shown in Fig. 2A , t-BHP significantly depleted the content of GSH in comparison with control group. Whereas t-BHP treatment increased GSSG level, pretreatment with chebulic acid decreased intracellular GSSG level (Fig. 2B) . As a result, GSH/GSSG ratio was decreased by 65.4% in the t-BHP group compared to control group and increased by pretreatment with chebulic acid in a dose dependent manner (Fig. 2C) .
Effect of chebulic acid on HO-1 enzyme activity
Bilirubin has strong free radical scavenging capabilities and has a great effect on the protective effect of the HO-1. Over the past years, HO-1 has been implicated in the cytoprotective defense response against oxidative injury (Otterbein and Choi, 2000) and HO-1 serves to provide potent cytoprotective effects in in vitro and in vivo models Protection of chebulic acid against oxidative stress via Nrf-2 pathway 557 (Otterbein and Choi 2000) . Previous study reported that anthocyanins from purple sweet potato have protective effect against t-BHP-induced hepatotoxicity by HO-1 via the Akt and ERK1/2/Nrf2 signaling pathways in HepG2 cells (Hwang et al., 2011) . We isolated microsome from cells, and these microsome were analyzed for HO-1 activity by measurement of their bilirubin. As shown in Fig. 3 , HO-1 enzyme activity of t-BHP-treated group was declined by 21.4% compared to control group, and chebulic acid-treated group inclined HO-1 enzyme activity. Especially, 10 lM chebulic acid significantly improved by 1.4-fold compared to t-BHP-treated group. As a result, 
Effects of chebulic acid on nuclear Nrf2 expression
To observe the mechanism of that the treatment with chebulic acid reduced t-BHP-induced hepatotoxicity, we examined effects of chebulic acid on Nrf2 activation and its down regulated enzymes. Nrf2, a basic leucine zipper binds to ARE leading to coordinate induction of many stressresponsive or cytoprotective enzymes and related proteins (Chen and Kong, 2004) . Nrf2 activation can be achieved by some inducers such as electrophiles, pro-oxidants, and chemo-preventive compounds which directly bind to Keap1 through covalent linkages and modify cysteine residue of Keap1. This interaction can cause conformational change of Keap1 and facilitate the dissociation of Nrf2 from Nrf2-Keap1 complex, which result in allowing Nrf2 to translocate into the nucleus (Hong et al., 2005) . In addition, several protein kinases such as MAPK (Hu and Yuan, 2006) , phosphatidylionositol 3-kinase (PI3K)/Akt , protein kinase C (Huang et al., 2000) and casein kinase-2 (Apopa et al., 2008) have been considered to induce Nrf2 phosphorylation followed by subsequent translocation of Nrf2 into nucleus. Yang et al. (2014) showed that isorhamnetin from Oenanthe javanica protected hepatocytes against t-BHP-induced oxidative stress by Nrf2 activation, and Nrf2 deficiency blocked the ability of isorhamnetin to protect cells from injury by t-BHP. We confirmed that treatment with chebulic acid activates the nuclear translocation of Nrf2 in HepG2 cells. Cells were treated with 10 lM chebulic acid for time period (1, 3, 6, 12 , and 24 h). As shown in Fig. 4A , chebulic acid treatment gradually upregulated the Nrf2 expression in the nucleus of HepG2 cells. We also inspected whether treatment of chebulic acid affects the Nrf2 nuclear translocation in t-BHP-induced HepG2 cells. t-BHP increased Nrf2 expression of nucleus by 3.2 folds, Fig. 3 Effects of chebulic acid on heme oxygenase-1 (HO-1) enzyme activity in t-BHP-induced HepG2 cells. Cells were pretreated with chebulic acid (0.4, 2, and 10 lM) for 24 h and then incubated with 700 lM t-BHP for 1 h. Data represent the mean ± S.D. of 3 experiments with triplicate samples and different letters in a raw indicate statistical significance of differences among each group at p \ 0.05 by Duncan's test and both treatment of chebulic acid and co-treatment with t-BHP significantly increased the Nrf2 expression by 6.3 and 5.4 folds compared to control group, respectively (Fig. 4B) . These results suggest that chebulic acid significantly enhanced Nrf2 expression in nucleus than t-BHPtreated group suggesting that chebulic acid may have the capability to fortify cellular antioxidant activity by activating of Nrf2.
Effects of chebulic acid on expression of GCLM, GCLC, and HO-1 mRNA in HepG2 cells c-GCL is rate-limiting enzyme for GSH biosynthesis and is made up of a modulatory light subunit (GCLM) and a catalytic heavy subunit (GCLC). Its expression is mainly regulated by the Nrf2 (Wild et al., 1998) . HO-1 is also a well-known target gene of Nrf2 and has been shown to protect phagocytes from oxidative stress associated with free iron (Willis et al., 1996) . As shown in Fig. 5A , pretreatment with chebulic acid (0.4, 2, and 10 lM) increased GCLC mRNA expression compared to control in both RT-PCR and qPCR. And GCLM mRNA expression also increased compared to control (Fig. 5B ). In addition, chebulic acid (0.4, 2, and 10 lM) increased HO-1 mRNA expression compared to control (Fig. 5C ). In this study, the treatment of chebulic acid enhanced the mRNA expression of GCLC and GCLM, and this result may explain GSH content increased by chebulic acid.
Effect of chebulic acid on expression of MAPK in HepG2 cells
MAPK are important cellular signaling molecules that convert various extracellular signals into intracellular responses by serial phosphorylation cascades and ERK, JNK, and p38 have been identified in mammalian cells (Kyriakis and Avruch, 1996) . Once the MAPKs including ERK, JNK, and p38 are activated, it leads to the activation of transcription factors such as Nrf2 and ARE-mediated gene expression which enhanced metabolism of the xenobiotics and/or generated ROS, resulting in a homeostatic cell survival response (Kong et al., 2001) . We examined the effect of chebulic acid on phosphorylation of MAPK. As shown in Fig. 6A , the exposure of chebulic acid resulted in increase in the phosphorylation of ERK, JNK, and p38. In addition, we used specific inhibitors of p38 (SB203580), JNK (SP600125) and ERK (PD98059). Theses chemical inhibitors blocked MAPK in HepG2 cells and suppressed the induction of c-GCL and HO-1 by chebulic acid (Fig. 6B ). Specific inhibitors of ERK, JNK, and p38 also inhibited the mRNA expression of HO-1 and c-GCL. We found that chebulic acid increases phosphorylation of MAPK and protects against oxidative stress induced by t-BHP by regulating the activation of Nrf2 and its related cytoprotective enzymes such as HO-1 and c-GCL. Protection of chebulic acid against oxidative stress via Nrf-2 pathway 561
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